FOCUS
Operative devascularization is an early goal of surgery. Whereas convexity meningiomas receive their blood supply from the dura mater, skull base meningiomas have deep, poorly accessible feeding vessels. The vascular pedicle is identified only after a significant portion of the lesion has been resected. Embolization may facilitate surgery and mitigate intraoperative blood loss by targeting these difficult-to-reach vascular pedicles. 23 Because of the complex vascular supply of skull base meningiomas and the relatively ill-defined complication profile of preoperative embolization for this disease, there is a paucity of data to guide treatment. Thus, it is vital that neurosurgeons have a thorough understanding of the vascular territories feeding skull base lesions and an appreciation of outcomes of embolization of vessels at the skull base to decide whether addition of this modality benefits the patient or increases the overall risk. Here we review the indications for preoperative devascularization, endovascular techniques, vascular anatomy, and results regarding embolization of these lesions.
Indications for Embolization
Although some outcomes studies demonstrate that preoperative embolization of meningiomas decreases blood loss and facilitates tumor resection, it is difficult to draw definitive conclusions regarding the indications and usefulness of embolization because of the lack of randomized controlled trials. The entire body of literature and standards of practice are drawn from level III evidence derived from case series. The potential complications arising from embolization and the added cost of intervention have limited its use to a subset of meningiomas. The choice to pursue embolization is largely determined by the personal preference of the neurosurgeon; 52 however, several attri-butes are correlated with referral for embolization: large meningioma size, 18, 31 high vascularity, 18, 30, 47, 52 arterial supply with challenging intraoperative access, 18, 47 and arterial supply from the external carotid artery (ECA). 30 Latchaw 35 classified instances in which preoperative embolization could be beneficial: difficult vascular supply; edema that obfuscates the surgical plane; involvement of dural sinuses, scalp, and calvaria; and location near the eloquent cortex. Waldron et al. 59 suggested exclusion criteria such as peripheral vascular disease and history of stroke, which increases the risk of complications.
Embolization Devices and Agents
Each of the embolic agents shown to be effective for vessel embolization has advocates, but the limitations of each must also be recognized. Table 1 summarizes major studies that have analyzed outcomes and complication rates related to embolization treatment of meningiomas. The overall complication rate for embolization is 0%-20%, and the success rate (percentage of successful cases without complications) is 80%-100%.
Particle Embolisates
Solid polyvinyl alcohol (PVA) particles expand in aqueous solution and produce an inflammatory response resulting in thrombosis of vessels, making PVA an efficacious embolic agent. 4, 14, 25, 40 One retrospective study 9 demonstrated that larger particles may be safer than smaller particles: of the 108 meningiomas embolized with small PVA particles (45-50 mM), 9 patients (8.3%) had complications, whereas only 1 complication (1.1%) was reported in the 93 tumors embolized using large particles (150-250 mM) (OR 10.2, 95% CI 1.3-80.7; p = 0.028). The authors surmised that deeper penetration into the tumor vascular bed can block venous outflow and lead to hemorrhage. This trend was also seen in other studies. 51, 53 Thus, although PVA is generally accepted as an effective embolic agent, the variation in size and shape of PVA particles may predispose to particle aggregation and catheter obstruction. 4 This can also result in large-vessel occlusion with recanalization of the capillary bed.
Microspheres have better biomechanical properties for embolization because of their uniform size, shape, and compressibility. Microspheres can temporarily compress up to 33%, allowing for smooth catheter passage and delivery. 53 After delivery, the microspheres return to their original diameter, allowing for durable hemostatic embolization. Empirically, microspheres have been widely used for arteriovenous malformations (AVMs), hypervascular tumors, and even benign prostatic hyperplasia. In a cohort of 55 patients with intracranial meningiomas treated with 400-mm calibrated microsphere embolization, there were no complications. This outcome was statistically similar to the outcomes among the patients treated with PVA by Carli et al. 9 The difference in complication rates between the microspheres and the small and large PVA particles was not significant (p = 0.066 and p = 0.8, respectively). Because of the retrospective nature of the PVA study and the differences in properties between the 2 particle agents, these 2 cohorts may not be wholly comparable. However, in another cohort, 4 microspheres were found to have better distal penetration than PVA because of the inherent biomechanical advantages. Rather than forming clusters, the microspheres formed chains in smaller vessels. Although the extent of devascularization was radiographically similar, there was significantly less blood loss intraoperatively in patients treated with microspheres. Despite some conflicting data regarding the complication profile of these particle agents, the general consensus suggests that using large particles such as 400-mm calibrated microspheres or large PVA particles is safer than using smaller PVA particles and results in fewer hemorrhagic complications.
Glue Embolisates
Glue embolisates may be associated with even lower complication rates than particle agents. 44 One liquid glue, N-butyl cyanoacrylate (NBCA), was shown to have a lower risk of hemorrhage and ischemic complications compared with particle agents. 1, 26, 32, 61 The NBCA can be delivered with a broader range of microcatheters, which allows for better distal navigation compared with particle agents. 51 The NBCA can enter feeding vessels simultaneously and can be administered with lower injection pressures, which may prevent intratumoral hemorrhage, a common complication of solid embolic materials. In a study of 56 patients, 26 only 4 (7.1%) patients treated with NBCA had transient complications, and only 1 was related to intratumoral hemorrhage. A newer supplementary technique involves the concurrent injection of 5% dextrose in water solution through the catheter to propel NBCA deeper into the target vessels. 2, 17, 18 In a retrospective series of various head and neck tumors (including 5 meningiomas) treated with this dextrose push technique, 2 only 1 patient experienced a complication, which involved transient stroke with speech difficulty for 2 days. Use of NBCA may be limited when the microcatheter cannot be advanced close to the meningioma feeding vessels. The NBCA may obstruct the vessel proximally, with a risk of glue reflux; however, this obstruction may still be beneficial and carries a lower risk of hemorrhage than PVA embolization. 51 Use of PVA may be indicated if the microcatheter tip is not close to the direct arterial feeding vessels. Although more data are needed, preliminary reports demonstrate therapeutic promise with NBCA, with a potentially improved complication profile.
Liquid Embolisates
Preliminary data suggest that using liquid embolisates may confer a lower risk of hemorrhage when compared with solid particles. In 1 cohort of 12 patients, 2 of 7 patients treated with particle embolization developed embolization-related bleeding, whereas none of the 5 patients treated with liquid embolization developed hemorrhagic complications.
60 A more recent study described a combination approach in which coils, liquid embolisates, and particles were used depending on differing conditions: liquid embolisates were used when the microcatheter could be navigated close to the tumor, and particles were used when distal access was not achievable. 54 Coils and balloons were used to block embolic material from entering unintended vessels. (18), juvenile nasopharyngeal angiofibromas (7) 4.5%; permanent disability (2) Onyx, an ethylene vinyl alcohol copolymer, has gained popularity for its success with embolization of AVMs and fistulas. 51 The slower precipitation of Onyx confers advantages over other liquid agents because it can permeate deeper within the tumor vessels, 15 and administration can be stopped intermittently to detect nontarget embolization.
14 Nevertheless, NBCA is used more often than Onyx because it has a lower complication rate and causes fewer imaging artifacts on MRI. 40 There is a lack of large studies of Onyx-based embolization for meningioma. Fusco et al. 15 described 4 patients who were treated with Onyx embolization, with a 100% success rate and no complications. Because of the small sample size, it is difficult to draw conclusions about the efficacy and safety profile of Onyx-based embolization of meningiomas, but the theoretical advantages lend credence for further study.
Catheter Designs
Dramatic improvements in microcatheter designs, such as flow-directed and wire-directed catheters, allow for safer embolization. In the distal cerebral vasculature, the use of wireless flow-directed catheters decreases the risk of intracerebral hemorrhage and injury to the vasculature; 3 however, these catheters cannot precisely select a vessel to embolize because the catheter is directed by flow rather than by the operator. With glue agents like NBCA, the tip of the catheter should be extended as far into the pedicle as possible. With precipitates like Onyx, the catheter can be more proximal. In a series of 150 AVM embolization procedures, Aletich et al. used a hydrophilic wire in conjunction with the 1.8-Fr flow-directed microcatheter with cyanoacrylate glue. The success rate in achieving selective catheterization of the nidus improved, and the overall procedure time decreased, with only 1 complication related to wire manipulation. Although there is no literature discussing the outcomes of flow-directed catheter usage in embolizing meningiomas, their usefulness in embolizing AVMs warrants further study of their potential in meningioma treatment.
Another advancement in microcatheter design is the implementation of detachable distal tips. For example, the Apollo microcatheter (Covidien) has a highly flexible distal tip designed to be used over a 0.010-inch microguidewire with flow-directed properties. It has a proximal radiopaque marker to delineate the detachable tip, which comes in lengths of 15, 20, or 30 mm. This is particularly useful for Onyx embolization, where some reflux is required for better distal penetration. This "plug-and-push" technique can cause the distal microcatheter tip to become entrapped in the Onyx cast, causing microcatheter breakage or excessive traction to the blood vessels, which can cause vasospasm, stroke, or hemorrhage. 20 Several groups have reported excellent results with the Apollo microcatheter when using Onyx or NBCA, 20, 41 with controlled detachment of the distal tip and no complications directly related to the microcatheter.
Meningioma Vascular Supply Anterior and Middle Skull Base
Anterior skull base meningiomas can have a varied and complex vascular supply. The anterior and/or posterior ethmoidal arteries (AEA/PEAs) are the major arterial feeders in < 13% of skull base meningiomas. The vascular supply of meningiomas in the olfactory groove and planum sphenoidale can arise from dural, transosseous, and even pial feeders. 10 The middle meningeal arteries (MMAs) supply approximately 17% of sphenoid ridge meningiomas. 13 Tumors in the anterior skull base may also be fed by arteries that supply the borders of the superior orbital fissure, such as the anterior branch of the MMA, the recurrent meningeal branches of the ophthalmic artery (OphA) and lacrimal artery (Fig. 1) , the meningeal branches of the internal carotid artery (ICA), the tentorial branch of the meningohypophyseal trunk (MHT), the anterior branch of the inferolateral trunk (ILT), and the terminal branches of the internal maxillary artery (IMA). 10 These collateralizations predispose meningiomas to high vascularity (Fig. 2) . Waldron et al. achieved only 1 complete embolization in 55 anterior and middle fossa skull base meningioma attempts. 59 Early ligation of the AEA/PEA feeders can result in less blood loss and aid in safe resection, 57 but vessel wall hypertrophy and encasement in hyperostotic sclerosed foramina can cause challenges. Edematous brain tissue and large tumor size may make retraction difficult, limiting access to the feeding vessels during surgery. Endovascular embolization of these feeders may result in significant complications, such as blindness due to unintentional retrograde embolization of the OphA. 5 Trivelatto et al. 55 evaluated outcomes of embolization of meningiomas via the OphA. There were no vision changes in the 5 patients, but one developed a transient oculomotor palsy. The authors claim that embolization of feeders arising from the OphA has a low chance of complication if the microcatheter is selectively placed distal to the central retinal artery to minimize reflux of the embolic agent. Their study demonstrated that proper catheter positioning technique may allow safe embolization of the OphA.
Posterior Skull Base
Because petroclival meningiomas arise from the upper two-thirds of the clivus, their location makes resection technically challenging. Feeding vessels arising from the opposite side of the approach make early open devascularization of the tumor difficult. Although this makes preoperative embolization attractive for these tumors, safe endovascular embolization can be precluded by dual blood supply from the ICA and ECA. The small and tortuous ICA feeders may arise at acute angles from the MHT and ILT. Embolization can lead to complications such as cranial nerve (CN) palsies 8 and diabetes insipidus. 43 These branches can have numerous anastomotic channels crossing midline, 50 with tumor staining evident during contralateral ICA injections. 33 The ECA feeders tend to arise from the MMA, IMA, and ascending pharyngeal artery.
Safe embolization without complications is typically incomplete, because complete embolization may involve more serious complications. Hirohata et al. 22 safely embolized 7 large petroclival meningiomas without complications but only achieved near-complete embolization in 3. Similarly, Waldron et al. 59 only completely embolized 1 of 10 petroclival meningiomas by emphasizing complication avoidance over complete devascularization. Rosen et al. 49 noted the highest risk of permanent neurological complications with petroclival meningioma embolization via the MHT (13%) and ascending pharyngeal artery (11.8%).
Foramen magnum meningiomas are located in the lower third of the clivus anteriorly. The involvement of the vertebrobasilar system and lower CNs introduces complexity to resection. 12 The varied and intricate vascular supply to the dura mater demonstrates meningeal branches arising from the vertebral artery (VA) and the ascending pharyngeal, occipital, posterior inferior cerebellar, and posterior spinal arteries, 7,12,46 which makes preoperative embolization particularly risky with regard to CN palsies and nontarget embolization. Waldron et al. 59 only achieved incomplete embolization of the 2 foramen magnum meningiomas they treated, with one instance of CN VII palsy following embolization via the MMA and occipital artery feeders.
Potentially Dangerous Anastomotic Connections and CN Supply
The risk of unintended embolization of critical structures by way of unvisualized anastomotic connections makes it incumbent on the practitioner to have detailed knowledge of these potential anastomoses that involve the vessels of interest and to investigate potential connections thoroughly. These anastomotic connections are always present, and although they may be invisible on initial angiography, they may suddenly appear under increased intraarterial pressure during embolization. 39 When embolizing tumors in the anterior fossa, the major risk is unintended occlusion of the central retinal artery via OphA collaterals, causing blindness. Retrograde flow via the OphA to the ICA can cause an embolic stroke in the distal anterior cerebral artery or middle cerebral artery territory. The proximal lacrimal artery, distal lacrimal artery, AEA/PEAs, supraorbital artery, and dorsal nasal artery branches of the OphA participate in anastomotic connections to the ECA. These arteries connect to the ECA via branches of the MMA, IMA, superficial temporal artery, and facial artery. 42 Complete embolization of skull base tumors arising from the middle fossa (petrous, clival, and cavernous meningiomas) can be particularly difficult to achieve because they can have dual supply from both the ECA and the ICA circulation. The mandibular artery, caroticotympanic artery, MHT, lateral clival artery, and ILT branches of the petrous and cavernous segments of the ICA may provide arterial supply to the tumor, while being part of anastomotic connections with the ECA circulation. The ECA branches that anastomose with these arteries include branches arising from the ascending pharyngeal artery 19 ( Fig. 3) and the IMA 34,56 (Fig. 4) . The significant anastomotic connections in the posterior fossa involve the VA. The occipital artery maintains its fetal connection to the VA through posterior anastomotic radicular branches and can sometimes be enlarged (Fig. 5) , or can even be the origin of the VA itself (Fig.  6) . 38 The stylomastoid artery, which can arise from the occipital artery, participates in the arterial supply of the posterior fossa dura, which is also supplied by branches of the VA, the ascending pharyngeal artery, and the ECA (via the MMA), and ICA (via the ILT and MHT) branches. The ascending pharyngeal artery also has direct anastomotic connections with the VA via the musculospinal and prevertebral branches.
The lower CNs are at risk when targeting ECA feeders to meningiomas arising from the middle and posterior fossa. The neuromeningeal branch of the ascending pharyngeal artery is particularly important, because it is involved in the arterial supply of the foraminal segments of CNs IX-XII. The geniculate branch of CN VII is supplied by both the petrous branch of the MMA and the stylomastoid branch of the posterior auricular artery. A more detailed review of the blood supply of CNs has been described.
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Published Outcomes
There is a paucity of prospective and retrospective clinical data on the embolization of skull base meningiomas. Rosen et al. 49 reported outcomes and complications in a retrospective cohort of 167 patients. The MMA was the most commonly embolized artery, with 59.6% of tumors successfully embolized via this branch. The MHT was the route of embolization in 41% of patients, whereas other arteries were embolized in 4.8%-11.4% of cases. There was an overall complication rate of 21.6%, with 9% of the cohort suffering permanent neurological deficits. Five patients (3%) experienced new CN deficits that were expected based on surgical planning. Morbidity was not increased when the OphA and VA were used. Embolization of the ascending pharyngeal artery had the highest rate of temporary and permanent deficits.
Waldron et al. 59 published a retrospective series of 119 skull base meningiomas referred for embolization. Feeding vessels arose from the ECA in 26 patients (22%); the ICA in 30 (25%); a combination of ECA, ICA, and VA in 54 (45%); and the pial supply in 10 (8%). The most common locations were the sphenoid ridge (27 patients), anterior fossa (26) , tentorium (15) , and petrosal ridge/clivus (14) . Total devascularization following embolization occurred in 6 of 64 patients (4 with ECA supply, 2 with ICA supply), and subtotal devascularization was seen in 58 of 64. There were no complications related to embolization. The discrepancy in complication rates between the cohorts may be due to the overall treatment strategy of the neurointerventional teams. Specifically, Waldron et al. emphasized risk avoidance over complete devascularization to reduce complication rates, but only 18% of ICA feeders were embolized. Although more data are needed, these 2 cohorts have provided significant insight into embolic adjuvant treatment for skull base vascular lesions.
Discussion
Skull base meningiomas are particularly challenging to treat because of their anatomical location and the poten- tial for a vascular pedicle opposite the surgical approach, precluding early devascularization during surgery. Raper et al. 45 demonstrated that resection of skull base meningiomas was associated with higher blood loss and lower chance of gross-total resection than convexity lesions. Thus, skull base meningiomas are an attractive target for preoperative embolization. Nevertheless, the vascular supply to skull base meningiomas is quite complex and variable, with important anastomotic connections to vital neurological structures. In addition to the commonly known ECA-ICA connections, anastomoses can occur through the tumor vascular network itself. These connections may not be visible until an artery is undergoing active embolization. 39 For these reasons, aggressive embolization can be fraught with permanent postprocedural neurological deficits. Rosen et al. 49 reported that 36 (21.6%) patients experienced a complication, including 15 (9%) with major neurological deficits after 24 hours, including new CN palsies, hemiparesis, aphasia, and blindness.
Different techniques have been proposed to help minimize the risk of embolizing unintended neurological structures. For example, a provocative microcatheter lidocaine or amytal challenge of the target vessel prior to planned embolization can help prevent unintended stroke and/or CN palsies. 24, 28, 29 Some authors have proposed using medium-sized particles (> 150 mm) to minimize the risk of CN injury, because larger particles are thought to be too large to enter and occlude the vasa nervosum supplying CNs. 35, 48 However, larger particles may not penetrate into the tumor as effectively as smaller particles, 58 and may be less effective in the setting of an intratumoral collateral network between the ECA and ICA circulation. 27 Newer technology, such as angio-CT, may help prevent embolization of unintended structures by allowing the practitioner to better visualize the tumor's vascular supply. 21 Microcatheters are used for superselective catheterization of target vessels, followed by the acquisition of an angio-CT. This technique may allow for identification of structures such as the retina that are not identified during routine digital subtraction angiograms. Although its use is in the experimental stages, intraarterial MR perfusion may allow quantitative evaluation of ECA versus ICA pial supply to the tumor. 36 This may help surgeons better determine the benefit of embolization prior to beginning intervention.
There may be questionable benefit to incomplete devascularization of these skull base meningiomas. Bendszus et al. 5 demonstrated that only complete embolization of the meningioma resulted in decreased blood loss during resection. Borg et al. 6 demonstrated that patients with partially devascularized tumors had a 3-fold greater risk of requiring transfusion during open surgery than those with completely devascularized tumors. In tumors with both ICA and ECA supply, embolization of just the ECA feeders was effective in only 26.5% of tumors, based on decreased tumor blush on postembolization angiography. 
Conclusions
The anatomy and vascular supply of skull base meningiomas make preoperative embolization an attractive adjunct to resection; however, their complex and varied arterial supply can make safe embolization technically challenging. Subtotal embolization may not be associated with any reduction in operative blood loss, whereas aggressive embolization may be associated with serious complications. Thus, the needs of thorough devascularization of the tumor must be balanced with the attendant risks of a more aggressive approach. We advocate a conservative approach that favors complication avoidance over more aggressive devascularization. This involves avoiding any feeders arising from the ICA and using different devices based on the vascular anatomy, such as ≥ 300-mm PVA particles when there is risk of CN palsy, and NBCA or Onyx only when the microcatheter is sufficiently distal to any potentially hazardous anastomotic connections.
